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A Versatile, portable Intravital 
Microscopy platform for studying 
Beta-cell Biology In Vivo
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Michelle M. Martinez5, Malgorzata M. Kamocka5, Richard N. Day3,6, sarah A. tersey  1,2,3, 
Raghavendra G. Mirmira  1,2,3,4,6, Kenneth W. Dunn3,5 & Amelia K. Linnemann  1,2,3,4,6
the pancreatic islet is a complex micro-organ containing numerous cell types, including endocrine, 
immune, and endothelial cells. the communication of these systems is lost upon isolation of the islets, 
and therefore the pathogenesis of diabetes can only be fully understood by studying this organized, 
multicellular environment in vivo. We have developed several adaptable tools to create a versatile 
platform to interrogate β-cell function in vivo. Specifically, we developed β-cell-selective virally-
encoded fluorescent protein biosensors that can be rapidly and easily introduced into any mouse. 
We then coupled the use of these biosensors with intravital microscopy, a powerful tool that can be 
used to collect cellular and subcellular data from living tissues. together, these approaches allowed 
the observation of in vivo β-cell-specific ROS dynamics using the Grx1-roGFP2 biosensor and calcium 
signaling using the GcAMP6s biosensor. Next, we utilized abdominal imaging windows (AIW) to 
extend our in vivo observations beyond single-point terminal measurements to collect longitudinal 
physiological and biosensor data through repeated imaging of the same mice over time. this platform 
represents a significant advancement in our ability to study β-cell structure and signaling in vivo, and 
its portability for use in virtually any mouse model will enable meaningful studies of β-cell physiology in 
the endogenous islet niche.
All forms of diabetes are associated with failure of the insulin-producing pancreatic islet β-cells. The islet is a 
complex micro-organ consisting of multiple cell types, including neuro-endocrine, endothelial, neuronal, and 
immune cells, that integrate both local and systemic signals to tightly regulate hormone secretion. Therefore, 
understanding a complex disease like diabetes requires a complete understanding of the cell biology of islets. 
Whereas isolated islets have been used for decades in studies in vitro that have established the foundations of 
islet biology, systemic inputs and interactions that are critical to in vivo function are lost when islets are removed 
from the pancreas. The incomplete in vitro environment is a particular deficiency in the context of a disease like 
diabetes, whose progression stems from changes in islet cell function occurring in a complex and continuously 
changing biochemical and immunological milieu1,2.
One approach that has been widely used to study cell biology in vivo, particularly in the fields of neurobiology 
and cancer research, is intravital microscopy (IVM). The development of multiphoton microscopy has made it 
possible to collect images with subcellular resolution deep in living tissues. In the realm of islet biology, IVM of 
the pancreas has been used to characterize alterations in immune cell behavior in diabetes, and physiological 
regulation of microvascular flow3–8. IVM of islets transplanted under the kidney capsule or into the anterior 
chamber of the eye has been used to characterize islet tissue development9 and revascularization10, respectively. 
When combined with fluorescent biosensors, IVM has the added capability to characterize specific biochemical 
pathways in individual cells in vivo, providing unique insights into intracellular signaling, cell physiology and 
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pathophysiology in the most relevant context of the intact organism10. However, leveraging the power of this 
approach can be challenging because it depends upon expression of the fluorescent biosensor in the cell-type of 
interest.
The classical approach to biosensor expression has been to generate a transgenic mouse line that selectively 
expresses biosensor in the cell type of interest. When successful, this approach can provide a valuable method 
to study cellular function in vivo. However, several drawbacks to this approach exist that can limit versatility. 
For example, this process requires breeding strategies which can be time-consuming and complicated if the bio-
sensor line needs to be combined with a second transgene or knockout model. In addition, since any given bio-
sensor mouse typically provides a read-out for a single analyte and is restricted to currently available mouse 
lines, new lines of inquiry into other pathways could require the generation of additional transgenic lines. To 
circumvent these issues, we developed a platform for selectively expressing biosensors in β-cells in situ using 
adeno-associated virus serotype 8 (AAV8) mediated gene transfer. This platform provides the flexibility to transi-
tion rapidly between any currently available or newly designed biosensor under control of the promoter of choice 
and any animal model system. Here, we demonstrate that we can achieve β-cell specific expression of 2 different 
biosensors, ROS-sensitive roGFP2 or calcium-sensitive GcAMP6s, using an insulin promoter-driven AAV8 sys-
tem. We also show that the insulin promoter-driven construct can be moved to an adenoviral system for in vivo 
biosensor-based studies of transplanted islets.
Our proof-of-principle studies with both the roGFP2 and GcAMP6s biosensors also demonstrate that these 
viral expression approaches can be combined with either confocal or two-photon microscopy to monitor β-cell 
function and signaling in both the endogenous pancreas and in islets transplanted under the kidney capsule. 
Lastly, we present specialized methods of surgery and organ presentation necessary for high-resolution IVM 
of islets, using either single-point or longitudinal studies over the course of weeks, using an abdominal imaging 
window.
Results
Intravital microscopy of endogenous islets. For IVM of a mouse pancreas, we used the approach 
shown in Fig. 1a. Briefly, the pancreas is surgically exposed (as described in “Methods”) and placed on the glass 
window of a cover-slip-bottomed dish, which is then mounted on the stage of an inverted microscope. Animal 
body temperature is maintained through the use of heating pads placed on the stage, a warming blanket placed 
over the animal, and an objective heater, while core temperature is monitored via a rectal probe. Anesthesia is 
accomplished using isoflurane, administered through a scavenging nosepiece. A jugular catheter is implanted to 
support intravenous (IV) injection of probes and/or drugs.
High resolution IVM requires that motion imparted by respiration and heartbeat is reduced to submicron 
levels. In our preparation, the pancreas is largely stabilized by the force of the animal’s body weight against the 
cover-slip, with additional stability provided by gauze placed between the exposed organ and abdominal wall. 
When the pancreas is resting against the imaging dish, islets are visible to the naked eye (Fig. 1b, black arrows). 
Superficial islets can often be imaged using confocal microscopy, however multiphoton microscopy can be used 
to extend the depth of imaging in vivo, which in the case of the pancreas extends to ~100 microns. We find that 
this reach typically gives us optical access to 2–5 islets per pancreas, with majority of the islets appearing the body 
region of the pancreas. Figure 1c shows two typical examples, one of a single plane and one of a projected 3D vol-
ume, of islets in the pancreas following IV injection of Hoechst (to label nuclei), a 150 kDa fluorescein-conjugated 
dextran (to label vasculature), and tetramethylrhodamine (TMRM, a probe that accumulates in active mitochon-
dria). With these probes, islets are easily distinguished by their characteristically higher density of nuclei and 
vasculature, and by strong TMRM labeling, reflecting their high metabolic activity.
AAV8-mediated expression of fluorescent protein biosensors as a flexible tool for studying 
β-cell biology in the pancreas in vivo. To exploit the potential of fluorescent protein biosensors for stud-
ies of β-cell function in vivo without the need for creation of transgenic mice, we developed an AAV8 to pack-
age β-cell-selective biosensors using a hybrid insulin/rabbit β-globin promoter11. RoGFP is a redox-sensitive 
GFP-based probe that is able to report changes in intracellular reactive oxygen species (ROS) through the ratio 
of emissions upon excitation at 405 nm and 488 nm12,13 or at 800 nm and 900 nm14,15. The ratiometric properties 
of roGFP allows for measurements to be collected independent of the amount of roGFP expressed or the optical 
pathlength16. Here, we used roGFP2 containing human glutaredoxin-1 (Grx1-roGFP2), which is sensitive to 
the glutathione redox cycle in the cytoplasm, but is resistant to errors in measurement directly related to pho-
tobleaching17. Since AAV8 has tropism for the pancreas when administered via intraperitoneal (IP) injection18, 
the custom biosensor constructs are rapidly expressed specifically in endogenous β-cells at levels sufficient for 
detection by IVM (Figs 2a and S1).
To measure the timing of AAV8-mediated expression of fluorescent biosensors in the pancreas, we iso-
lated islets from mice 1–3 weeks following IP administration of ~2 × 1011 genome copies of AAV8 containing 
Grx1-roGFP2 and used flow cytometry to quantify the cells positive for GFP and immunofluorescently labeled for 
insulin. As shown in Fig. 1c, we observed a steady increase in the percentage of β-cells that express Grx1-roGFP2 
over time, with 1.23% of β-cells expressing biosensor at week 1 increasing to 3.05% at week 3. The mean intensity 
of fluorescence of the GFP-positive cells remained relatively constant over time.
To demonstrate the portability of our AAV8 viral expression system into additional mouse models, we applied 
it to studies of ROS in a mouse model that would confer altered antioxidant response compared to wild-type 
(WT) mice. Alox15 knockout mice (Alox15−/−) lack the 12/15-lipoxgenase enzyme, which we previously reported 
to confer protection against oxidative stress in β-cells19. We hypothesized that this animal model would there-
fore exhibit altered kinetics of ROS dynamics in the β-cell that would correlate with changes in oxidative dam-
age compared to WT controls. Alox15−/− and WT littermates were each administered a single IP injection of 
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AAV8-INS-Grx1-roGFP2 three weeks prior to intravital imaging to allow for biosensor expression. Superficial 
islets were first located using confocal microscopy, and then repeatedly imaged at 405 nm and 488 nm excitation 
over time after IV infusion of 80 mg/kg alloxan. The ratio of emissions excited at 405 nm and 488 nm were then 
calculated. Figure 2c shows that alloxan induced a rapid and extended release of ROS in β-cells of WT mice, as 
reflected in a 4.6-fold increase compared to baseline in the standardized 405/488 intensity ratio. In contrast, the 
response of β-cells in the Alox15−/− mice was attenuated by 30%, consistent with our previous studies19. The 
behavior of Grx1-roGFP2 in vivo can also be observed in isolated islets infected with the adenoviral version of the 
construct in vitro (Fig. S2). A stronger response can be seen in vivo compared to in vitro conditions, which may 
reflect differences in timing or effective dose of biosensor delivered in vivo.
To demonstrate the flexibility of our viral system, we substituted a second biosensor, calcium sensitive 
GcAMP6s, for Grx-1-roGFP2 to create AAV8-INS-GcAMP6s. GcAMP6s is a widely-used calcium sensor that has 
been well-characterized in many cell types, both in vitro and in vivo20. For imaging of calcium dynamics in vivo, 
a 9-week-old wild-type (WT) C57Bl/6 J mouse was administered a single IP injection of AAV8-INS-GcAMP6s 
three weeks prior to IVM to allow for biosensor expression. An individual islet was identified using 920 nm 
excitation of GCamp6s then imaged over time after IP injection of a glucose bolus (1 g/kg) (Fig. 2d). Consistent 
with in vitro studies21, we observed synchronized, 2-fold changes in GCamp6s fluorescence across all the β-cells of 
the imaged islet in vivo (Supplemental Video, and quantified in Fig. 2d). The synchronicity of the β-cells leads to 
discrete peaks in the intensity trace from the islet and observable oscillations over time. A fluorescent red dextran 
was injected to highlight the vasculature of the oscillating islet.
Adenovirus-mediated expression of fluorescent protein biosensors as a flexible tool for stud-
ying the cell biology of transplanted islets in vivo. To reestablish an in vivo environment for isolated 
tissue, islets can be transplanted into several locations within a recipient mouse. For IVM studies, the anterior 
Figure 1. Intravital Microscopy of Endogenous Islets. (a) Schematic depiction of the setup for intravital 
microscopy of the mouse pancreas. (b) Widefield view of the pancreas, as seen through a coverslip-bottomed 
dish. The islets within the pancreas are highlighted by black arrows. (c) Mice were injected with Hoechst (blue) 
to label nuclei, a 150 k Da FITC-conjugated dextran (green) to label vasculature, and TMRM (TMRM) to label 
mitochondria. Both a single plane image (left) and a projection of a 3D image volume (right) collected from the 
pancreas shows the increased nuclei count, vascularity, and mitochondrial activity of islets (outlined in white) 
compared to surrounding exocrine tissue.
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chamber of the eye22,23 and under the kidney capsule9 are the primary reported locations for transplantation. 
Isolated islet transplantation under the kidney capsule is a well-characterized model in which islets are engrafted 
into a host tissue, where they revascularize over the subsequent period of days to weeks24,25. Despite the islet 
not being in its native environment, this technique provides several key advantages, including utilization of 
novel host/donor combinations (i.e., human islets) and interrogation of novel transplantation methods (i.e., islet 
encapsulation). We utilized a syngeneic transplantation model, in which C57Bl/6J mouse islets transduced with 
Ad-INS-Grx1-roGFP2 in vitro are transplanted under the kidney capsule of recipient C57Bl/6J mice (Fig. 3a). An 
example of an image collected from roGFP2-expressing islets 10 days after transplantation into the mouse kidney 
is shown. Figure 3b shows representative results of a study in which an individual islet was identified and then 
repeatedly imaged by confocal microscopy following IV injection of saline, followed by IV injection of 80 mg/kg 
alloxan monohydrate. Whereas infusion of saline alone had no effect on the 405/488 roGFP2 excitation ratio, 
Figure 2. AAV8 Expression of Fluorescent Protein Biosensors as a Flexible Tool for Studying β-Cell Biology 
in the Pancreas in vivo. (a) Schematic depiction of pancreas IVM using AAV8 to label islets in vivo. Virus is 
injected IP 7–28 days prior to IVM. A representative projected image volume collected from the pancreas of a 
mouse 3 weeks after IP injection of AAV8-Grx1-roGFP2 is shown. (b) Dispersed cells from islets expressing 
the Grx1-roGFP2 biosensor were stained with anti-insulin and GFP+ INS+ population was evaluated by 
flow cytometry. Gating strategy (top) and quantification (bottom) of GFP+ INS+ cells are shown. N = 3. Data 
presented as mean +/− SEM (*p-value < 0.05). (c) Top: Fold change over baseline in Grx1-roGFP2 ratio from 
β-cells in vivo in the pancreata of WT (black) and Alox15−/− (grey) mice over 30 minutes post IV injection of 
alloxan. Bottom: Representative ratiometric images of Grx1-roGPF2 changes in β-cells of WT and Alox15−/− 
mice within the endogenous pancreas at 5 minutes after IV injection of 85 mg/kg alloxan monohydrate. Data 
are means ± SEM (N = 3, p < 0.05). (d) Top left: GcAMP6s intensity measures collected in vivo from an entire 
islet (white outline) over time after a 1 g/kg IP glucose bolus. Representative images of low and high GcAMP6s 
intensity are shown. Bottom right: A 70 k Da Texas red dextran was administered IV to label the vasculature of 
the islet.
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infusion of alloxan resulted in a significant and highly reproducible doubling of the roGFP2 ratio within 5 min-
utes. The ratio then decreased within 15 minutes, presumably due to activation of the endogenous antioxidant 
response and mitigation of intracellular ROS within the transplanted islets (Fig. 3c).
Longitudinal intravital studies of β-cell biology using an abdominal imaging window. To cap-
ture chronic, longitudinal changes in ROS, we implanted a modified version of a previously described abdominal 
imaging window (AIW) into C57Bl/6J mice26 (modifications are fully described in Methods). AIWs provide a 
way to image the endogenous tissue on the time scale of days to weeks26, allowing stable imaging of the same islets 
over time. We implanted AIWs in AAV8-INS-Grx1-roGFP2-injected WT mice. Mice were then injected daily 
over the course of 5 days with 55 mg/kg streptozotocin (multiple low-dose or MLD-STZ challenge) (Fig. 4a). 
The MLD-STZ challenge is a well-characterized pharmacological model used to induce diabetes, where hyper-
glycemia develops within days after the last STZ injection, and is associated with islet infiltration and reduced 
β-cell mass due to apoptosis27,28. Images of the window preparation collected over time demonstrated that stable 
positioning of the pancreas was obtained within ~8 days of window placement and was maintained for an addi-
tional 24 days (Fig. 4b). Second harmonic generation images of collagen were used to verify that we returned to 
the same islet during each imaging session (Fig. S3). Figure 4c shows mean intensity projections of multiphoton 
fluorescence image volumes of Grx1-roGFP2-labeled β-cells within an islet in the pancreas of a living mouse col-
lected at baseline (11 days after window implantation, prior to beginning the MLD-STZ challenge), at days 2 and 
4 of STZ treatment, and 10 days after MLD-STZ treatment. These images demonstrate that the islet volume and 
architecture changes dramatically in response to MLD-STZ.
Consistent with previous reports27,28, MLD-STZ resulted in elevated blood glucose levels within 3 days of 
treatment and overt hyperglycemia was observed by 17 days post treatment (Fig. 4d). We measured the GFP pos-
itive volume from each islet (Fig. S4) and observed a rapid ~50% reduction in the β-cell volume by the end of STZ 
Figure 3. Adenovirus Expression of Fluorescent Protein Biosensors in Islets Transplanted under the Mouse 
Kidney Capsule. (a) Top left: Schematic depiction of IVM of biosensor-labelled isolated primary mouse islets 
transplanted under the mouse kidney capsule after adenoviral transduction in vitro. Right: Representative image 
of an islet graft under the kidney capsule labeled with Grx1-roGFP2. (b) Fold change over baseline in β-cell-
specific Grx1-roGFP2 from 3 mice, 5 minutes after IV saline injection, and 5 and 15 minutes after IV injection 
of 80 mg/kg alloxan monohydrate. Pairwise t-tests were calculated for each time point between groups. Data are 
means ± SEM (N = 3, *p < 0.05). (c) Representative 405/488 ratiometric images of Grx1-roGPF2 changes in 
β-cells within the islet transplant under the kidney capsule at baseline, 5 minutes after IV saline injection, and 5 
and 15 minutes after IV injection of 80 mg/kg alloxan monohydrate.
6Scientific RepoRts |          (2019) 9:8449  | https://doi.org/10.1038/s41598-019-44777-0
www.nature.com/scientificreportswww.nature.com/scientificreports/
Day 4 Day 8 Day 11 Day 13 Day 15
Day 18 Day 22 Day 25 Day 28 Day 32
AIW Day: -6 0 4 8 13 15 X+
IP AAV8
Injection
AIW
Surgery
Image
7 Week Old
C57Bl/6J
11
MLD-STZ
Baseline Day 2 STZ
Day 4 STZ Day 10 Post STZ
Morning
Afternoon
a
b
c d
e
X
SAC
for Tissue
Baseline Day 2 STZ Day 4 STZ
Day 3 Post STZ Day 7 Post STZ Day 10 Post STZ Day 13 Post STZ Day 17 Post STZ
STZ
Saline
f
STZ Day: Baseline 2 4 X+ Post STZ
Figure 4. Longitudinal intravital studies of β-cell biology using an abdominal imaging window. (a) Schematic 
of AAV8-INS-Grx1-roGFP2, abdominal imaging window (AIW), and multi-low-dose streptozotocin (MLD-
STZ; 55 mg/kg/day) experiment. Intraperitoneal injection of AAV8-packaged biosensor occurred 6 days 
prior to AIW surgery (day 0). Baseline images were collected in the morning of day 11 and STZ started in 
the afternoon of day 11. STZ continued for 5 days while imaging continued until the window integrity was 
compromised at Day 32. The pancreas was recovered and fixed for endpoint analyses. (b) Representative 
widefield images of the pancreas as seen through the AIW over time. Above each image are both the number of 
days post AIW implantation and the time point of the STZ challenge. (c) Representative projected images of the 
Grx1-roGFP2-labeled β-cell volume at baseline (Day 11), day 2 of STZ, day 4 of STZ, and day 10 post-STZ. The 
white dotted line indicates the perimeter of the Grx1-roGFP2-labeled islet volume at baseline. (d) Blood glucose 
readings collected 30 minutes after the start of anesthesia for each imaging session for STZ (red) and saline 
(black) treated mice. (e) Islet volume calculated for STZ (red) and saline (black) treated mice before, during, and 
after MLD-STZ challenge. (f) Grx1-roGFP2 ratiometric data collected from labeled β-cells using 800/900 nm 
2-photon excitation before, during, and after in STZ (red) and saline (black) treated mice. For e and f, while the 
single line is representative of a mouse, 1–4 islets were imaged per mouse.
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treatment, which then stabilized at ~20% of the initial volume by 10-days post-treatment (Fig. 4e). The reduced 
β-cell volume and increased blood glucose levels after MLD-STZ are indicative of β-cell ablation.
To characterize changes in ROS occurring over time after MLD-STZ, we used an approach in which the ratio 
of two-photon stimulated fluorescence of Grx1-roGFP2 excited at 800 nm to that excited at 900 nm is used to 
assay ROS14,15. Although this approach provides less dynamic range than the 405/488 excitation ratio used in 
confocal microscopy (Fig. S2e), two photon excitation penetrates deeper into tissue, supporting analyses from 
islets deeper in the pancreas15 and allowing for more data to be gathered from multiple islets. Grx1-roGFP2 
ratios measured from the imaged β-cells showed that biosensor ratio peaked near the end of STZ administra-
tion (Fig. 4f). This effect subsided ~13 days after MLD-STZ occurred in conjunction with the stabilization of 
β-cell volume. The somewhat muted response of the roGFP2 sensor may reflect the fact that measurements were 
obtained from the subpopulation of cells that have been able to resist STZ ablation, thus underestimating the 
magnitude of the ROS response. One technical limitation of our methods is that the stability of the window and 
the imaging depth of the islets dictate if a mouse can be imaged longitudinally. In our cohort of animals, the 
saline-treated mice were removed from our study at earlier time points because islets from these mice were una-
ble to be continually imaged. Regardless of specific imaging parameters or islet imaging depth, overall stability 
of the window for the duration of the study still allows for pancreas recovery at the end of AIW-IVM studies for 
additional analyses.
Discussion
IVM is a valuable tool to evaluate a number of different physiological functions (e.g., microvascular flow, mito-
chondrial function, transport) using fluorescent probes introduced either intravenously or intraperitoneally8,29. 
While studies examining transplanted islet function have been informative22, examples of IVM for the study 
of endogenous β-cell function and signaling in vivo are sparse4, likely due to the historical need for transgenic 
animals expressing fluorescent biosensors. Thus, the array of measurable physiological functions can be greatly 
expanded through the use of virally-packaged fluorescent protein biosensors engineered to quantitatively meas-
ure a wide variety of physiological and cellular functions without the need to create multiple transgenic mouse 
lines. Here, we demonstrate an IVM platform that supports high-resolution microscopy of islet cells in vivo, either 
acutely or in longitudinal studies that, when combined with a virus-based delivery system, can be used to char-
acterize cell physiology and signaling of β-cells in vivo using any of the ever-expanding spectrum of fluorescent 
protein biosensors. Despite the low percentage of β-cells expressing biosensor measured using flow cytometry, 
our study shows that the transduction of islets in vivo is not uniform and some islets highly express the biosensor. 
These highly labeled islets were selected for analysis of islet function.
Using the Grx1-roGFP2 biosensor, we demonstrated how this system can be used to characterize acute and 
chronic cytoplasmic ROS regulation, which may aid in determining why specific cell populations and subpopula-
tions are more susceptible to ROS, even across species30. Though ROS is primarily generated in the mitochondria, 
literature supports the idea that the unregulated release of mitochondrial ROS into the cytosol and enhanced 
cytoplasmic production of ROS are key features in the progression of cellular oxidative stress31,32. Although used 
here for proof-of-principle studies, roGFP has the potential to be a highly relevant tool for diabetes research 
since evidence supports the conclusion that oxidative stress, and the subsequent triggering of β-cell apoptosis, is 
a common feature of both type 1 and 2 diabetes2,33. Using GcAMP6s, we further demonstrated how the platform 
can be rapidly modified to evaluate a different analyte and collected data demonstrating that calcium oscillations 
islets in vivo are similar to those measured in vitro21. GcAMP6s is an extremely relevant tool in islet biology since 
physiological regulation of insulin secretion critically depends upon tight regulation of intracellular calcium in 
β-cells, regulation that is disrupted in diabetes34. These studies offer a stepping stone to more complex analyses 
focused on specific signaling pathways, transgenic models, and disease states. With this in mind, the adeno- and 
AAV- applications were designed to permit the simple substitution of biosensors for other pathways of interest 
(e.g., LC3 for autophagy35 or AKAR4.1 for PKA signaling36) or even other promoter sequences to target other islet 
cell types. Furthermore, these virally-packaged biosensors can be utilized in virtually any mouse model without 
lengthy breeding of a biosensor transgene, and can also be used in human islets transplanted into immunodefi-
cient mice.
While much can be learned from acute IVM studies, in which imaging of a surgically-exposed organ is only 
conducted once prior to sacrifice, additional information can be gleaned from longitudinal studies of the same 
living tissues conducted over time, particularly in the context of a progressive disease like diabetes. Studies of 
this kind typically require the use of an implanted window to enable repeated imaging of the same tissue without 
the need for repeated surgeries. Based upon a design developed and widely used by the van Rheenen group26,37, 
we applied an abdominal imaging window in tandem with AAV8-mediated gene delivery, to detect increases in 
ROS and concomitant decreases in β-cell volume in the MLD-STZ model of diabetes. It is known that STZ leads 
to β-cell death through ROS production38, which results in a concurrent increase in blood glucose levels and 
decrease in islet mass27,28. Our system allows us to not only recapitulate these observations, but also show that the 
loss in β-cell volume precedes the both rise of blood glucose and maximal ROS levels in individual mice. Our data 
provide unique support to the idea that the remaining β-cells that survived early STZ ablation are partially able 
to compensate for the loss in mass up to a “tipping point”39. While MLD-STZ is a widely used model for diabetes, 
the progression of diabetes in this model is imperfect. The flexibility of our system will make it possible to explore 
the role of different physiological factors and biochemical pathways in this and other, more targeted models of 
diabetes such as the db/db or non-obese diabetic (NOD) mice.
In conclusion, IVM is a valuable but underutilized tool for the study of islet-cell function in vivo4,22. Our 
highly-portable experimental platform, comprised of virally-packaged biosensor and AIW’s, facilitate targeted 
interrogation of β-cell biology in both transplanted islets and islets of the endogenous pancreas. The longitudinal 
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IVM approach we demonstrate here thus provides a unique paradigm to study islet structure and cellular func-
tion within the context of steady-state drug treatments, β-cell replication or death, and diabetes progression.
Methods
end-point pancreas and islet transplant intravital imaging. All mouse experiments were per-
formed with approval and oversight from the Indiana University Institutional Animal Care and Use Committee 
(IACUC). All experiments were performed in accordance with relevant guidelines and regulations. Male and 
female C57BL/6J mice, 8–12 weeks of age, were used for pancreas or kidney capsule islet transplant (methods 
below) imaging. On the day of imaging, the mouse was anesthetized with isoflurane and placed in the right lateral 
decubitus position and a small, 1 cm vertical incision was made along the left flank at the level of the pancreas 
or left kidney. The exposed organ was orientated so that the organ was underneath the animal, pressed gently 
on a 50 mm coverslip-bottomed dish (Pelco) for imaging on an inverted microscope. The animal’s temperature 
was maintained via a draped heating pad, heading pads for the stage, and heating elements for the objective to 
diminish the heat sink at the level of the objective tissue interface. A rectal thermometer was in place to keep a 
continuous read out on the mouse’s core body temperature. Intravenous access was achieved using the placement 
of a jugular catheter or by tail vein injection.
Intravital reagents. To label the pancreas for IVM, several injectable dyes were used. Hoechst 33342 (1 mg/kg 
in sterile saline, Thermo) was used to label nuclei, a 150 k Dalton fluorescein-conjugated dextran (1 mg/kg in 
sterile saline, Sigma) and a 70 k Dalton tetramethylrhodamine dextran (1 mg/kg in sterile saline, Thermo) were 
used to label vasculature, and tetramethylrhodamine (TMRM, 5 ug/ml in sterile saline, Invitrogen) was used to 
label mitochondria. Alloxan monohydrate (Sigma) was resuspended in sterile saline at 80 mg/kg immediately 
prior to the IV injection and imaging. D-glucose (Sigma) was resuspended in sterile saline at 1 g/kg prior to IP 
injection.
IVM microscope setup. All IVM-based confocal and multiphoton images were captured using a Leica SP8 
(25x/0.95NA/Water immersion objective) outfitted with a MaiTai DeepSee (Spectra Physics) multiphoton laser. 
To image Grx1-roGFP2 in vivo, the biosensor was sequentially excited with 405/488 nm lasers at an 8:1 power 
ratio with emissions collected from 490–600 nm using internal detectors or with 800/900 nm lasers at a 1:1 power 
ratio with emissions collected from 500–575 nm using external detectors. To image GcAMP6s in vivo, the biosen-
sor was excited with 920 nm excitation.
Virus generation. Adeno- and adeno-associated viruses (AAV) were generated by VectorBuilder (Cyagen 
Biosciences). Briefly, the custom β-cell specific promoter contained 414 base pairs of the rat insulin-1 promoter, 
along with 691 basepairs of the rabbit beta-globin intron11 (sequence available in supplemental material). This 
promoter and Grx1-roGFP2 and GcAMP6s sequences were de novo synthesized and cloned into the necessary 
adeno- or AAV- expression vectors for viral production.
In Vivo Islet Infection. To infect β-cells in vivo, AAV8-INS-Grx1-roGFP2 was injected intraperitoneally 
14–21 days prior to endpoint intravital imaging, 7–28 days prior to flow-based expression studies, or 8 days prior 
to longitudinal AIW studies. A mouse was given a single dose of 2–2.5 × 1011 genome copies in 100 µl of saline.
Flow cytometry for biosensor expressing β-cells. Isolated islets from mice dosed with AAV8-INS- 
Grx1-roGFP2 were dispersed using 1 ml of Accumax (StemCell Technologies) containing 2 U/mL of DNAse I 
for 10 min at 37 °C. Single cells were fixed and stained with anti-insulin (1/10 dilution, Dako) for 90 min at room 
temperature. Cells were washed and incubated with wash buffer containing secondary antibody (Alexa-fluor 568, 
1/500 dilution, Invitrogen) for 30 min, room temperature. After the staining, the cells were washed, filtered and 
acquired on a FACS LSR II cytometer (BD). The cells were analyzed using FlowJo software (v 7.6.5, Tree Star). 
Initially, the cells were gated on FSC-A and FSC-H for doublet exclusion, followed by a strategy to gate on FSC 
(size) and SSC (granularity) to select a population compatible with β cells, within which the insulin-positive cells 
were evaluated, and finally GFP positivity of insulin-positive cells.
Islet isolation. Male and female C57BL/6J mice 8 weeks of age (Jackson Labs) were utilized in both in vitro 
assays and islet transplant studies. 20 week-old female mice expressing an insulin-promoter driven ROSA26 
nuclear H2B-mCherry40 were utilized for mCherry colocalization studies. To isolate islets, mice were euthanized, 
the pancreas was harvested, and islets were liberated using a 0.3% collagenase digestion in 37 °C shaking water 
bath in Hanks buffered sodium salt. Islets were maintained in islet media containing phenol free RPMI 1640, 
with 10% FBS, 100 U/ml Penicillin, 100 ug/ml Streptomycin, and 8 mM glucose. Islets were allowed to recover 
over-night prior to subsequent experiments.
In Vitro islet infection, treatment and imaging. To infect β-cells in vitro, isolated islets were washed 
with Dulbecco’s phosphate buffered saline without calcium or magnesium, followed by distention with Accutase 
(Sigma) at 37 °C for 30 seconds. Accutase was rapidly inactivated with room temperature islet media, then 
washed with fresh islet media. Adenovirus was added directly to islet media to achieve approximately 2 × 107 
viral particles per 100 islets. Viral infection lasted at least 6 hours prior to image or transplantation the following 
day. After viral infection, islets were placed in fresh islet media with varying glucose concentrations (2, 8, 16.7, 
and 25 mM) for either 4 or 16 (overnight) hours. Islets were imaged in vitro using a Zeiss LSM 800 (40x/1.2 
NA/Water Objective) equipped with an Ibidi Stage Top Incubation system (5% CO2, 37 °C, 85% Humidity). 
Grx1-roGFP2 was sequentially excited with 405 and 488 nm lasers at a 3:1 power ratio, with emissions collected 
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from 490–600 nm. Alloxan monohydrate (Sigma) was resuspended in islet media at 4 mM immediately prior to 
the start of imaging.
Islet transplants. Adeno-infected islets were transplanted into anesthetized recipient mice via sub-renal 
capsular injection under aseptic conditions. Mice were anesthetized with isoflurane. The left lumbar region 
received a single incision to expose the kidney. A small entry hole (~1 mm diameter) was made in the kidney 
capsule with a jeweler forceps and islets were gently released into the subcapsular space through a small piece of 
sterile polyethylene tubing attached to a syringe. The renal capsule was allowed to close by secondary intention, 
the body wall and skin incision were closed using monofilament 4.0 silk sutures, and the mice were allowed to 
recover. Analgesics were administered for pain relief. The mice were singly housed post-surgery. Islet transplants 
were allowed to engraft 7–14 days prior to intravital imaging.
Abdominal imaging window (AIW) procedure. A general abdominal imaging window (AIW) proce-
dure has been published previously26. Briefly, the window is constructed from surgical grade titanium to prevent 
rejection and consists of 2 parts: an outer ring with a deep groove to hold and hid the skin, peritoneum, and 
sutures and a removable inner ring that holds the glass coverslip. We adapted the surgical protocol to be successful 
over the pancreas. The animals were anesthetized via isoflurane and all procedures were performed under aseptic 
conditions. Warm sterile saline (1 ml) was injected subcutaneously to aid in fluid replacement. A vertical left flank 
incision was performed approximately 1.5 cm in length. The pancreas was identified, and externalized utilizing 
cotton tipped applicators. A purse-string suture (non-absorbable monofilament) was placed around the incision 
through both the fascial and the skin layers. Each suture was approximately 0.5 cm apart from the next and at least 
0.1 cm from the edge of the incision. Cyanoacrylate adhesive was applied to the interior of the outer AIW ring and 
then it was placed on the pancreas. Mild pressure was applied for approximately 5 minutes to ensure that the ring 
adhered to the pancreas. The inner ring with attached coverslip was then placed into the outer ring and contact 
with the pancreas was visually confirmed. The skin and fascial edges were then placed into the groove of the AIW 
and the purse string suture was secured with at least 4 square knots. This effectively closed off the abdominal cav-
ity and left the organ of interest in contact with the coverslip. Once the AIW was in place the mouse was allowed 
to emerge from anesthesia and placed in a recovery cage on a warming blanket with soft bedding. Analgesics were 
administered for pain relief.
Intravital for AIW imaging. Mice with AIW’s were anesthetized with isoflurane for no longer than 30 min-
utes for imaging of labeled islets. Mice received 200 uL of sterile saline to prevent dehydration. STZ (Sigma)  
injections were administered in the afternoon, while the imaging was completed in the morning to avoid meas-
uring any acute effects of the drug, but instead to measure the chronic effects on ROS that persist over time. 
Z-stacks were sequentially collected using 800 and 900 nm excitation (1:1 power ratio) and a green emission filter 
(520–580 nm). At the end of imaging, duplicated blood glucose readings from a tail nick were measured using 
an AlphaTrack2 glucometer and test strips. Mice were allowed to recover prior to returning to animal housing.
Data analysis, image processing and presentation. Background subtracted, raw images were ana-
lyzed using ImageJ (NIH) or Cell Profiler41. Intensity of the 405 nm-based emission was divided by 488 nm-based 
emission to create a raw Grx1-roGFP2 ratio. Ratiometric images were created using Cell Profiler and rescaled 
to an arbitrary linear look-up table that fit all data points within that experimental data set. The Cell Profiler 
Pipeline script is available in the supplemental data. To determine islet volume, an average intensity projection 
was generated from a z-stack of the imaged islet and the GFP-positive voxel area was calculated within the region 
of interest encompassing the baseline islet volume using ImageJ. Single plane slices within an islet z-stack that 
had significant motion artifacts from respiration were removed prior to the creation of the projection. Images 
presented in figures were linearly scaled for display purposes only. For statistical testing, Student’s t-tests and 
1-way ANOVAs were used.
Data Availability
The authors declare that all data supporting the findings of this study are available within the paper and its sup-
plementary information files.
References
 1. Atkinson, M. A., Herrath, M., von, Powers, A. C. & Clare-Salzler, M. Current Concepts on the Pathogenesis of Type 1 Diabetes—
Considerations for Attempts to Prevent and Reverse the Disease. Diabetes Care 38, 979–988 (2015).
 2. Skyler, J. S. et al. Differentiation of Diabetes by Pathophysiology, Natural History, and Prognosis. Diabetes 66, 241–255 (2017).
 3. Coppieters, K., Amirian, N. & von Herrath, M. Intravital imaging of CTLs killing islet cells in diabetic mice. J. Clin. Invest. 122, 
119–131 (2012).
 4. Christoffersson, G. & von Herrath, M. G. A Deeper Look into Type 1 Diabetes – Imaging Immune Responses during Onset of 
Disease. Front. Immunol. 7 (2016).
 5. Mohan, J. F. et al. Imaging the emergence and natural progression of spontaneous autoimmune diabetes. Proc. Natl. Acad. Sci. 114, 
E7776–E7785 (2017).
 6. Friedman, R. S. et al. An evolving autoimmune microenvironment regulates the quality of effector T cell restimulation and function. 
Proc. Natl. Acad. Sci. USA 111, 9223–9228 (2014).
 7. Lindsay, R. S. et al. Antigen recognition in the islets changes with progression of autoimmune islet infiltration. J. Immunol. Baltim. 
Md 1950 194, 522–530 (2015).
 8. Nyman, L. R., Ford, E., Powers, A. C. & Piston, D. W. Glucose-dependent blood flow dynamics in murine pancreatic islets in vivo. 
Am. J. Physiol. - Endocrinol. Metab. 298, E807–E814 (2010).
 9. van Gurp, L. et al. Sequential intravital imaging reveals in vivo dynamics of pancreatic tissue transplanted under the kidney capsule 
in mice. Diabetologia 59, 2387–2392 (2016).
 10. Li, G. et al. Multifunctional in vivo imaging of pancreatic islets during diabetes development. J. Cell Sci. 129, 2865–2875 (2016).
1 0Scientific RepoRts |          (2019) 9:8449  | https://doi.org/10.1038/s41598-019-44777-0
www.nature.com/scientificreportswww.nature.com/scientificreports/
 11. Ravier, M. A. et al. Mechanisms of Control of the Free Ca2+ Concentration in the Endoplasmic Reticulum of Mouse Pancreatic 
β-Cells. Diabetes 60, 2533–2545 (2011).
 12. Hanson, G. T. et al. Investigating mitochondrial redox potential with redox-sensitive green fluorescent protein indicators. J. Biol. 
Chem. 279, 13044–13053 (2004).
 13. Dooley, C. T. et al. Imaging dynamic redox changes in mammalian cells with green fluorescent protein indicators. J. Biol. Chem. 279, 
22284–22293 (2004).
 14. Xie, H. et al. Rapid cell death is preceded by amyloid plaque-mediated oxidative stress. Proc. Natl. Acad. Sci. USA 110, 7904–7909 
(2013).
 15. Redox Indicator Mice Stably Expressing Genetically Encoded Neuronal roGFP: Versatile Tools to Decipher Subcellular Redox 
Dynamics in Neuropathophysiology. Available at, https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4931743/. (Accessed: 10th 
October 2018).
 16. Schwarzländer, M. et al. Confocal imaging of glutathione redox potential in living plant cells. J. Microsc. 231, 299–316 (2008).
 17. Gutscher, M. et al. Real-time imaging of the intracellular glutathione redox potential. Nat. Methods 5, 553–559 (2008).
 18. Wang, Z. et al. Widespread and stable pancreatic gene transfer by adeno-associated virus vectors via different routes. Diabetes 55, 
875–884 (2006).
 19. Tersey, S. A. et al. 12-Lipoxygenase Promotes Obesity-Induced Oxidative Stress in Pancreatic Islets. Mol. Cell. Biol. 34, 3735–3745 
(2014).
 20. Chen, T.-W. et al. Ultrasensitive fluorescent proteins for imaging neuronal activity. Nature 499, 295–300 (2013).
 21. Benninger, R. K. P., Zhang, M., Head, W. S., Satin, L. S. & Piston, D. W. Gap Junction Coupling and Calcium Waves in the Pancreatic 
Islet. Biophys. J. 95, 5048–5061 (2008).
 22. Leibiger, I. B. & Berggren, P.-O. Intraocular in vivo imaging of pancreatic islet cell physiology/pathology. Mol. Metab. 6, 1002–1009 
(2017).
 23. Ali, Y. et al. The anterior chamber of the eye is a transplantation site that supports and enables visualisation of beta cell development 
in mice. Diabetologia 59, 1007–1011 (2016).
 24. Stokes, R. A. et al. Transplantation sites for human and murine islets. Diabetologia 60, 1961–1971 (2017).
 25. Daoud, J., Rosenberg, L. & Tabrizian, M. Pancreatic islet culture and preservation strategies: advances, challenges, and future 
outlook. Cell Transplant. 19, 1523–1535 (2010).
 26. Ritsma, L. et al. Surgical implantation of an abdominal imaging window for intravital microscopy. Nat. Protoc. 8, 583–594 (2013).
 27. McEvoy, R. C., Andersson, J., Sandler, S. & Hellerström, C. Multiple low-dose streptozotocin-induced diabetes in the mouse. 
Evidence for stimulation of a cytotoxic cellular immune response against an insulin-producing beta cell line. J. Clin. Invest. 74, 
715–722 (1984).
 28. Bolzán, A. D. & Bianchi, M. S. Genotoxicity of Streptozotocin. Mutat. Res. Mutat. Res. 512, 121–134 (2002).
 29. Winfree, S., Hato, T. & Day, R. N. Intravital microscopy of biosensor activities and intrinsic metabolic states. Methods San Diego Calif 
128, 95–104 (2017).
 30. Gerber, P. A. & Rutter, G. A. The Role of Oxidative Stress and Hypoxia in Pancreatic Beta-Cell Dysfunction in Diabetes Mellitus. 
Antioxid. Redox Signal. 26, 501–518 (2017).
 31. Sifuentes-Franco, S., Pacheco-Moisés, F. P., Rodríguez-Carrizalez, A. D. & Miranda-Díaz, A. G. The Role of Oxidative Stress, 
Mitochondrial Function, and Autophagy in Diabetic Polyneuropathy. J. Diabetes Res. 2017 (2017).
 32. Zorov, D. B., Juhaszova, M. & Sollott, S. J. Mitochondrial Reactive Oxygen Species (ROS) and ROS-Induced ROS Release. Physiol. 
Rev. 94, 909–950 (2014).
 33. Tersey, S. A. et al. Minireview: 12-Lipoxygenase and Islet β-Cell Dysfunction in Diabetes. Mol. Endocrinol. Baltim. Md 29, 791–800 
(2015).
 34. Gilon, P., Chae, H.-Y., Rutter, G. A. & Ravier, M. A. Calcium signaling in pancreatic β-cells in health and in Type 2 diabetes. Cell 
Calcium 56, 340–361 (2014).
 35. Klionsky, D. J., Cuervo, A. M. & Seglen, P. O. Methods for monitoring autophagy from yeast to human. Autophagy 3, 181–206 
(2007).
 36. Tao, W. et al. A practical method for monitoring FRET-based biosensors in living animals using two-photon microscopy. Am. J. 
Physiol. - Cell Physiol. 309, C724–C735 (2015).
 37. Alieva, M., Ritsma, L., Giedt, R. J., Weissleder, R. & van Rheenen, J. Imaging windows for long-term intravital imaging. IntraVital 3 
(2014).
 38. Szkudelski, T. The mechanism of alloxan and streptozotocin action in B cells of the rat pancreas. Physiol. Res. 50, 537–546 (2001).
 39. Weir, G. C. & Bonner-Weir, S. Five Stages of Evolving Beta-Cell Dysfunction During Progression to Diabetes. Diabetes 53, S16–S21 
(2004).
 40. Benner, C. et al. The transcriptional landscape of mouse beta cells compared to human beta cells reveals notable species differences 
in long non-coding RNA and protein-coding gene expression. BMC Genomics 15, 620 (2014).
 41. Kamentsky, L. et al. Improved structure, function and compatibility for CellProfiler: modular high-throughput image analysis 
software. Bioinforma. Oxf. Engl. 27, 1179–1180 (2011).
Acknowledgements
This research was performed using resources and/or funding provided by National Institutes of Health grants 
K01 DK102492 (to AKL), R03 DK115990 (to AKL), R01 DK60581 and R01 DK105588 (both to RGM), T32 
KD0604466 (to CAR), and Human Islet Research Network UC4 DK104162 (to AKL; RRID:SCR_014393), along 
with startup funds from Indiana University School of Medicine and the Herman B Wells Center for Pediatric 
Research (to AKL). This study utilized Diabetes Center core resources supported by National Institutes of Health 
grant P30 DK097512 (to Indiana University). We would like to thank the Indiana O’Brien Center for Advanced 
Microscopy Analysis for the generous sharing of AIW-related resources. We also thank Mark Soompa for the 
fabrication of our stage-window adapter and window accessories. We would also like to acknowledge the highly 
skilled individuals providing services through the Indiana Center for Biological Microscopy and IU School of 
Medicine Islet Core.
Author Contributions
C.R., A.P., A.T. and A.C. contributed to data collection and data analysis. C.R., K.O., M.M., M.K. and S.T. 
contributed to animal protocols, surgeries, and handling. C.R., A.P., R.D., S.T., K.D., R.M. and A.L. contributed to 
experimental design, technical oversight, and interpretation of data. C.R., K.D. and A.L. contributed to drafting 
and writing of the manuscript. All authors contributed to the review and revision of the manuscript.
Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-44777-0.
1 1Scientific RepoRts |          (2019) 9:8449  | https://doi.org/10.1038/s41598-019-44777-0
www.nature.com/scientificreportswww.nature.com/scientificreports/
Competing Interests: The authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019
